Gut microbiota in CKD
The human intestinal tract, and especially the large intestine, is colonized by trillions of microorganisms. These microorganisms encode at least 150-fold more genes than the human genome. The combined genetic potential of the endogenous flora is referred to as the 'microbiome' [1] . The composition of the microbial communities shows huge inter-individual variation. This variation is driven by host factors as well as environmental influences [1] . Although the microbiota is exposed to a continuously changing environment, its composition and function in an individual are stable against perturbations [2] . The microbiome provides the host with enhanced metabolic capabilities, protection against pathogens, education of the immune system, and modulation of gastrointestinal development [3] .
Several chronic disabilities, including obesity and inflammatory bowel disease [4, 5] , have been documented to go along with profound changes of the intestinal microbiota composition. The impact of chronic kidney disease (CKD) on the gut microbiome has only been explored in recent years. Vaziri et al. studied the microbial composition in stool samples and observed marked differences in the abundance of 190 bacterial operational taxonomic units (OTUs) between the end stage renal disease (ESRD) and control groups [6] . These findings were recently confirmed in a cohort of Chinese ESRD patients. The absolute quantification of total bacteria was significantly reduced, while diversity at the phylum level was maintained [7] .
It should be emphasized that the renal phenotype is much broader than the loss of kidney function, as almost all patients in ESRD are on a multidrug regimen, are exposed to the effects of extracorporeal treatments and are prescribed dietary restrictions. Testing the isolated effect of the loss of kidney function on microbiome composition is only possible in experimental models. In several studies exploring the effects of surgically induced CKD in rats, total richness was reduced in CKD and the microbial community was differentially structured [6, 8] . Andersen et al. performed a similar analysis in collagen type IV α3-deficient mice with Alport syndrome-related progressive CKD. Noteworthy and opposite to findings in the Chinese patient cohort, they observed a higher amount of colony forming units per gram of feces. Again, they observed differentially structured communities, with changes in the class of Bacteroidales, Burholderiales (family of Alcaligenaceae), Enterobacteriales, and Verrucomicrobiales [9] . In aggregate, these studies show that ESRD promotes alterations in the composition of the gut microbiota. This is commonly referred to as dysbiosis. At present, uncertainties remain as to the underlying pathophysiology.
Gut microbial metabolism in CKD
The gut microbial metabolism provides a significant and unique contribution towards the human metabolome [3] . The gut microbial metabolism is complex and only partly dependent on gut microbial composition. Indeed, despite variation in community structure, the metagenomic carriage of metabolic pathways has been shown to be https://doi.org/10.1016/j.phrs.2018.04.023 Received 4 October 2017; Received in revised form 2 April 2018; Accepted 27 April 2018 stable, at least among healthy individuals [10] .
It is generally accepted that carbohydrate and nitrogen availability is the most important determinant of colonic microbial metabolism. Dietary fiber composes the main carbohydrate supply in the colon. Other sources include oligosaccharides and a variety of sugars and nonabsorbable sugar alcohols [11, 12] . Nitrogen is provided to the large intestine from exogenous dietary proteins that escaped digestion in the small intestine, endogenous proteins and from blood urea that has diffused into the intestinal lumen [13] . The colonic handling of α-amino nitrogen (amino acids and intermediates) largely depends on the amount of energy available for bacterial growth and cell division. This energy mainly results from carbohydrate fermentation. Abundancy of carbohydrates promotes expansion of the bacterial biomass, requiring incorporation of α-amino nitrogen. In case of carbohydrate deprivation, α-amino nitrogen is predominantly fermented, generating potentially toxic end-products such as phenols and indoles.
The ratio of available carbohydrate to nitrogen progressively declines from proximal to distal colon, affecting regional bacterial composition and metabolism [14, 15] . Slowing down colonic transit times may induce upstream expansion of proteolytic species, as a larger part of the colon will become deprived of carbohydrates, and this may result in increased generation of bacterial toxins. In a landmark study by Cummings et al., the urinary excretion rate of phenols was found to be related mainly to the colonic transit time as well as to the dietary protein intake [16] .
Nutrient intake differs substantially between healthy individuals and patients with CKD, especially those with ESRD. Dietary recommendations in CKD may include restricted intake of potassium, sodium, phosphate and/or (animal) protein restriction. Such diets are low in fruit and vegetables and thus low in fermentable carbohydrates [17] . Also, the colonic transit time is prolonged in many patients with CKD. Constipation has been reported in > 50% of patients on HD and in up to 29% of patients treated with continuous ambulatory peritoneal dialysis (CAPD). These prevalences are substantial higher than reported in healthy persons (10-20%) [18, 19] . As a consequence of the changes in diet and colonic transit time, microbial metabolism moves towards a predominantly proteolytic fermentation pattern. This metabolic shift aligns with the data from a metagenomics analysis on stool samples from patients with ESRD showing a significant expansion of bacterial families possessing urease, uricase, and indole and p-cresol forming enzymes, and contraction of families possessing butyrate-forming enzymes (e.g. Roseburiae, Faecalibacterium prausnitzii, Lactobacillaceae and Prevotellaceae) [20, 21] .
The intestinal microbial metabolism is difficult to study in situ. Using a metabolomic approach, we observed major differences between patients treated with HD and healthy individuals. At least part of the observed differences could be attributed to differences in nutrient intake, as the fecal microbial metabolite profile of patients closely resembled that of household contacts following the same dietary restrictions [22] . As discussed earlier, experimental models of CKD can be used to separately study the effect of loss of kidney function on the gut microbial metabolism, irrespective from other aspects of the renal phenotype. In a 5/6th nephrectomy model in rat, significant alterations in the gut metabolites were found, including reduced abundancy of the short-chain fatty acid propanoic (also known as proprionic) acid [22] . Similar findings were noted in an adenine-induced mouse model of CKD, in which production of both propionic acid and butyric acid was reduced [23] .
Mishima et al. recently studied the metabolic fingerprint in an adenine-induced mouse model of CKD, and thereby compared germfree and specific pathogen free animals with conventional animals [23] . Using this elegant double-variable experimental model these investigators were able to determine the origin of the metabolites: diet, mammalian or microbial metabolism. Several protein-fermentation metabolites including indoxyl sulphate (IndS), p-cresyl sulphate (PCS), phenyl sulphate, cholate and hippurate all were shown to originate exclusively from microbial metabolism [23] .
In summary, current evidence suggests that CKD may shift microbial metabolism towards a predominantly proteolytic fermentation pattern. The clinical observation of 24h-urinary excretion of p-cresol paralleling renal function deterioration, supports the notion of CKD being a state of increased protein fermentation [24] .
Intestinal barrier in CKD
The intestinal barrier is the master regulator, separating self from non-self, and coordinating all interactions between the gut microbiome and human physiology [25] .
To prevent paracellular flux of luminal solutes, the intestinal epithelial cells are sealed together by apical junctional complexes, consisting of the tight junction, which is the most luminal component of the complex, and the subjacent adherens junction. The tight junction is selectively permeable and is able to discriminate between solutes on the basis of size and charge. While most research has focused on intestinal transcellular transport [26] , recent advances in the understanding of the apical junctional complex and tight junction underpin the importance of the paracellular intestinal transport in health and in disease.
It has been known for a long time that the intestinal barrier function is impaired in CKD [27] . Only recently, the mechanisms underlying the increased intestinal permeability have been (partially) unraveled. Vaziri et al. observed intense infiltrates of lymphocytes into the lamina propria of animals with 5/6th nephrectomy induced CKD [28] . Tight junction disintegration in intestinal epithelial cells has been demonstrated by some [28] , but not all investigators [9] . Whether CKD, similar to dietary changes [29] may cause alterations of the inner colonic mucus layer, thereby compromising the gut barrier function, remains to be studied. Uremic serum and plasma increased intestinal permeability in vitro, suggesting the involvement of a humoral component [30, 9] . Both direct toxicity by uremic retention molecules (especially ammoniumhydroxide) and butyrate depletion may be involved. Also intestinal mucosal ischemia due to splanchnic hypoperfusion (e.g. triggered by intradialytic hypotension) and venous congestion due to heart failure [31] may be hypothesized to contribute to a disrupted gut epithelial barrier in the setting of CKD. Major mechanisms contributing to gut dysbiosis and a leaky gut in CKD are illustrated in Fig. 1 .
Consequences of disturbed gut ecosystem in CKD

Role of increased protein fermentation
Protein fermentation results in the production of potentially toxic metabolites such as ammonia, amines, phenols and sulfides. Important representatives of these metabolites are p-cresol and indole. p-Cresol is a putrefaction metabolite of tyrosine, while indole is generated by fermentation of tryptophan. After absorption, the majority of p-cresol and indole is further metabolised and conjugated to form p-cresylsulphate (PCS) and indoxyl sulphate (IndS), respectively. Concentrations of PCS and IndS increase along the progression of CKD [32] [33] [34] , both as a consequence of decreased elimination and increased production [35] , to reach concentration in patients with ESRD are 10-50 fold higher than in healthy controls. Concentrations of PCS and IndS also rise with ageing [36] .
It has been demonstrated in numerous experimental studies that at uremic concentrations, PCS and IndS may disturb several biological processes and confer direct toxicity in various cells and tissues. Multiple signaling cascades are activated and the generation of intracellular oxidative stress plays a central role (see Fig. 2 ). For detailed discussion, the reader is referred to recent excellent reviews dealing with this topic [37] . PCS and IndS may induce insulin resistance [38] , trigger premature cellular senescence [39] , upregulate DNA methyltransferase [40] , activate the renin angiotensin aldosterone system [41] , cause endothelial dysfunction [42] , promote vascular calcification [43] and contribute to left ventricular hypertrophy and diastolic dysfunction. Toxicity may also be indirect as IndS and PCS, acting as sulphate sinks, may cause sulphate depletion with inherent risks. Whether uremic toxins originating from microbial metabolism trigger or sustain a systemic inflammatory reaction remains a matter of ongoing controversy. While PCS was shown to activate leucocyte free radical production [44] , we failed to elicit an inflammatory response in monocytes with either PCS or IndS [45] . Moreover, clinical studies investigating the relationship between serum levels of uremic toxins originating from microbial metabolism and markers of inflammation so far yielded inconsistent findings [46] .
In line with the experimental data, circulating levels of PCS and IndS have been repeatedly associated with cardiovascular morbidity (ischemic and thrombotic events, atrial fibrillation, arterial stiffness and vascular calcification) and mortality. Most evidence has been obtained in patients with CKD [33, 47, 34, 48] . However also in individuals with preserved kidney function, clear associations between PCS and IndS concentrations and cardiovascular endpoints have been reported. E.g., in a population-based study, the prevalence of hypertension increased along PCS and IndS quartiles [36] . Increased exposure to PCS and IndS may be hypothezised to be in the causal pathway between a diet rich in red meat and poor renal [49] and cardiovascular outcomes.
Role of decreased carbohydrate fermentation
Colonic carbohydrate fermentation results in the generation of short chain fatty acids (SCFAs), primarily acetate, propionate, and butyrate. SCFA production in the mammalian colon approximately reaches 100 mM per day [50] . SCFA diffuse through the intestinal mucosa, circulate in the bloodstream (via the portal system; at the low-millimolar range), and act on G protein-coupled receptors (GPCR) expressed at the plasma membrane of target cells distributed widely in the mammalian organism [51, 52] . Various health promoting effects have been ascribed to specific SCFAs. They may reduce the risk of developing gastrointestinal disorders, cancer, and cardiovascular disease. Hence, a growing body of evidence supports that a high blood pressure (BP) is coupled to depressed carbohydrate fermentation [50] . Prescient ex vivo studies using pressure myography applied to rodent and human samples suggested that SCFA induce the vasodilation of resistance vessels in an endothelium-dependent manner [53] [54] [55] . Binding of SCFAs to the GPCR can activate a variety of intracellular signaling cascades, involving nuclear transcription, enzyme activation, and cell membrane ion transport [56] . Interestingly enough, sensory GPCR have been identified in tissues and organs not directly linked to taste or olfaction, like the kidney and the cardiovascular system [51, [57] [58] [59] . Most of these GPCR are orphan receptors, i.e. with no identified endogenous ligands and functions. Still, olfactory receptor 78 (Olfr78) and Gpr41 have been recently demonstrated to act as receptors for SCFAs, with a putative role in BP control [56, 60, 61] . Of note, 2 additional SCFA GPCR are currently under investigation: Gpr109A (butyrate) and Gpr43 (acetate, propionate, and butyrate) [56] .
At the mRNA level, Gpr41 is expressed in the vascular endothelium of intact vessels, where it lowers baseline BP by decreasing active vascular tone [54] . Gpr41-null mice present with hypertension of vascular origin: at baseline, plasma renin concentration is similar in Gpr41 KO and WT mice, and the systolic hypertension in Gpr41 KO mice is not salt-sensitive [54] . Gpr41 couples to G i in response to various SCFA, including propionate, formate, acetate, butyrate and isobutyrate (with an EC 50 in the micromolar range) [62] .
Using the LacZ reporter technique, Olfr78 has been located in resistance vessels and in the afferent arteriole in the kidney, which are physiologically involved in BP regulation [51] . Olfr78 responds to acetate and propionate, with an EC 50 in the millimolar range [51] . In ex vivo experiments, SCFAs trigger renin secretion from wild-type glomeruli, but not from Olfr78-deficient glomeruli. Furthermore, mice lacking Olfr78 present with lower plasma renin and lower BP [63] .
Following i.v. administration of SCFA at the millimolar range, a rapid dose-dependent drop in BP is observed in mice [63] . In Gpr41-deficient animals, such a hypotensive response to SCFA infusion is lost. Conversely, SCFA-induced hypotension is aggravated in Olfr78-null mice [63] . In toto, these observations suggest that, at least in mouse, proprionate and acetate modulate the BP differentially according to the type of activated receptors: activated Gpr41 causes hypotension, whereas Olfr78 stimulation favors BP increase [64] . As a reminder, SCFA EC 50 of Gpr41 and Olfr78 significantly varies from the micro-to the millimolar range, respectively, which may partly explain why similar SCFAs target both receptors with opposite BP results. These basic science data corroborate epidemiological studies showing a significant association between the urinary levels of SCFAs (especially formate) and BP levels, and reinforce the conclusions of a meta-analysis illustrating the influence of dietary fibers on BP control [65, 66] . Furthermore, a meta-analysis of randomized controlled trials showed that the use of probiotics (which, in turn, increase SCFA production) is associated with lower BP levels [67] . Finally, SCFA impact on BP homeostasis may also explain why the use of acetate in hemodialysis solutions causes hypotension in patients [68] . Thus, a growing body of evidence supports that BP regulation is coupled not only to host but also to microbial metabolism [69] . This conclusion is corroborated by data from a small study showing an increased Firmicutes/Bacteroidetes ratio and a decrease in acetate-and butyrate-producing bacteria in hypertensive patients [70] . Furthermore, in hypertensive rats, oral minocycline was able to restore gut microbiota, reduce the Firmicutes/ Bacteroidetes ratio, and attenuate BP levels [70] .
Gut dysbiosis may thus be a relevant and so far largely neglected player in the pathogenesis of hypertension. Besides its putative role in the pathogenesis of hypertension, SCFA depletion may also contribute to micro-inflammation since SCFAs have been reported to have antiinflammatory properties by binding Gpr43 [71] .
Role of a disturbed intestinal barrier
Dysfunction of the intestinal barrier in CKD is associated with bacterial translocation and endotoxinemia, which is related to systemic inflammation, malnutrition, cardiovascular disease, and possibly reduced survival [28, 72, 73, 9] .
ESRD is associated with micro-inflammation, a chronic low-grade inflammatory state that is characterized by elevated levels of circulating pro-inflammatory cytokines, including interleukin-6 (IL-6). This condition has a multifactorial origin involving accumulation of advanced glycation end-products and oxidized protein products, acidosis, volume overload, oxidative stress, bio-incompatibility of dialyzer membrane amongst others. New evidence suggests that a dysfunctional intestinal barrier may also contribute to the micro-inflammatory state in CKD. An increased intestinal permeability results in the translocation of bacteria and bacterial cell wall components (endotoxins). This coincides with the activation of the immune system as has been demonstrated in experimental models of CKD [74] . This concept is not new, as already in 1907, Elie Metchnikoff proposed that chronic systemic inflammation may occur as a result of increased permeability and the escape of bacteria and their products [75] . In line with these data, recent evidence from murine studies indicates that age-associated inflammation is at least partly mediated by age-related microbiota increasing intestinal permeability. Systemic inflammation in turns contributes to microbial dysbiosis, thereby initiating a vicious circle [76] .
Actions of endotoxin (lipopolysaccharide) are mediated by interaction with the Toll-like receptor 4/MD-2 complex and its co-receptor CD14 on monocytic cells, initiating an innate immune response and pro-inflammatory signaling. In clinical cohort studies, gut bacterial translocation and endotoxinemia, directly relates to markers of inflammation [77, 9] .
A growing body of evidence indicates that endotoxinemia and micro-inflammation may be in the causal pathway between CKD and the high burden of cardiovascular disease [78, 72, [79] [80] [81] . This evidence, in addition, enforces the so-called inflammatory hypothesis in our understanding of the biology of atherosclerosis [82] . Inflammatory cells and signals drive the healing response to vascular injury, allowing the initiation and growth of atherosclerotic plaque. Inflammatory reactions probably increase plaque instability and setting up the substrate for the thrombotic response that causes myocardial damage or infarction, e.g. by upregulating tissue factor expression. Recent data from a RCT with canakinumab, a human monoclonal antibody against interleukin-1β, added further credit to the inflammatory hypothesis of coronary artery disease [83] .
Treatment options
A multi-targeted approach may be required to tackle the disturbed gut ecosystem in CKD. For detailed discussion, the reader is referred to several excellent reviews discussing this topic in detail [84] [85] [86] .
Restoring gut homeostasis
Acknowledging that diet is a key regulator of microbial metabolism, one may either restrict protein intake or increase dietary fiber intake in an attempt to revert microbial metabolism towards a predominantly saccharolytic fermentation pattern. As protein restriction is unpalatable and can accentuate sarcopenia, increasing dietary fiber intake provides a safer and simpler means to restore eubiosis. Fruits and vegetables are not only rich in dietary fiber, but also in potassium, which could be problematic in patients with advanced CKD. In these patients, prebiotics (i.e a non-digestible food ingredient that promotes the growth of beneficial microorganisms in the intestines) may be an appealing alternative. Other approaches to restore microbial metabolism include treatment with laxatives (to reduce transit time), probiotics (i.e. live microorganisms that, when administered in adequate amounts, confer a health benefit on the host) or genetic manipulation of the colon microbiota (e.g. to suppress the conversion tryptophan to indole).
Adsorption of toxic protein fermentation metabolites
Another means to reduce the daily load of potentially toxic endproducts of protein fermentation is to administer sorbents. The oral charcoal adsorbent AST-120 (Kremezin, Kureha Ltd., Japan) reduces plasma levels of several end-products of protein fermentation including IndS and PCS. Animal studies showed beneficial effects on gut [87] , renal and cardiovascular outcomes. Also pilot clinical interventions studies with AST-120 showed promising results, but renal benefits could not be confirmed in a large RCT [88] . Characteristics of the study population and compliance and statistical issues may have contributed to the negative result of the latter study. Also intake of sevelamer, a non-calcium, non-aluminum phosphate binder have been associated with lower PCS levels, but finding, overall, were inconsistent [89, 90] .
Targeting biological activity
The toxicity of PCS and IndS is mediated through various signaling pathways in which the generation of intracellular oxidative stress and activation of the aryl hydrocarbon receptor (ahr) play a central role [37, 84] . Organic anion transporters are involved in the intracellular uptake of IndS and PCS. Fig. 2 summarizes the signaling pathways and identifies candidate therapeutic targets. The rationale of inhibition of intracellular uptake and intracellular signal mediators has been demonstrated in a series of experimental studies, but clinical efficacy and safety remain to be demonstrated.
Increasing the removal of colon-derived toxins
Excretion of IndS, PCS and other microbiome-derived uremic retention solutes is predominantly via the kidneys, as the bile does not contain significant amounts of these solutes (unpublished data). As these solutes are tightly bound to albumin, glomerular clearance is limited and most solute is secreted by active transporter systems in the proximal tubule [91] . Active transport of organic anions is one of the genetically conserved functions of the kidney. Key transporters include the organic anion transporter 1 and 3 (OAT 1/3) as well as the organic anion transporter protein 4C1 (OATP4C1), all of which are facilitated diffusion carriers. Additional transporters include adenosinetriphosphate (ATP)-dependent pumps, i.e. P-glycoprotein (P-gp), multidrug resistance proteins 2 and 4 (MRCP2/4) and breast cancer resistance protein (BRCP). Theoretically, such systems may be exploited to drive up the renal excretion of microbiome-derived uremic retention solutes. In reality, however, due to accumulation of other molecules competing for the same excretory route, elimination of the microbiome-derived molecules often is limited by saturation of the transporters.
The strong albumin binding also explains why removal by conventional hemodialysis is limited [92, 93] . Alternative treatment regimens were shown to increase clearances, but their impact on circulating levels, overall, was limited if not negligible. Adsorptive techniques, though promising from an efficacy point of view, are limited by high costs and/or non-selective adsorption causing inferring a high risk of thrombotic complications [94, 95] .
Future directions and conclusions
Over the last decade, it has become clear that the microbiome is involved in various aspects of the uremic syndrome. Host-microbiota interactions are bidirectional. The gut microbial composition is altered in patients with CKD, as is microbial metabolism with a shift towards a predominant proteolytic fermentation pattern. The intestinal barrier, shielding the human internal environment from the fascinating world of microbes, is disturbed in patients with CKD. These alterations contribute via various mechanisms to the high burden of cardiovascular disease and hypertension in patients with CKD.
The great challenges -however -lie ahead. Although it is becoming more and more evident that we need to interfere with the disturbed gut ecosystem in patients with CKD, there are no clear and effective inroads. Many questions are still in the open. It is unclear whether we should primarily interfere with gut microbial composition, gut microbial metabolic activity or both. It is not clear whether it would be possible to restore a sustained healthy microbiome. It is not even clear whether patients would benefit most from a healthy normal microbiome, or that some alterations, e.g. increased metabolic capacity to digest urea and uric acid, are necessary adaptations. The time is right to tackle these challenges, as they hold promise to find novel therapeutic targets for a challenging disease population.
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